Mucopolysaccharidosis type I (MPS I
and results in lysosomal accumulation and excessive urinary excretion of partially degraded dermatan sulfate and heparan sulfate. 1, 2 Routine in vitro identification of deficient IDUA enzyme activity provides a definitive biochemical diagnosis for MPS I, but the residual enzyme activity cannot correlate with the clinical subtypes. The characterization of human IDUA cDNA sequence 3 and genomic structure 4 has made possible the identification of mutations underlying different MPS I subtypes. 5 Several studies have revealed the mutational diversity and ethnic/geographic heterogeneity in MPS I patients. Two common mutations, W402X and Q70X, were found in more than 60% of Caucasian mutant alleles, 6 mutations 704ins5 and R89Q accounted for 42% of Japanese alleles, 7 and mutation P533R was identified in 92% of mutant alleles in Moroccan patients. 8 In addition, inasmuch as multiple polymorphic alleles in the IDUA gene have been detected in MPS I patients and controls, it is reasonable to hypothesize that a SNP in combination with a disease-causing mutation could produce a modification in the MPS I phenotype or catalytic activity of the protein in controls. 9 Recently, the correlation of IDUA activity with polymorphic haplotypes was tested in a Chinese population. 10 Analyses by immunoquantitation and enzyme kinetics of IDUA in cultured fibroblasts from normal controls and MPS I patients indicate a high level of genetic heterogeneity in IDUA gene where mutant alleles present dif-ferent effects in IDUA protein quantity, substrate affinity, and catalytic activity. 11, 12 Therefore, molecular characterization of the mutational spectrum and polymorphism distribution in the human IDUA gene is important for achieving reliable diagnosis of clinical subtypes, improving prognostic prediction, providing accurate carrier detection and informative genetic counseling, and developing better preventive and therapeutic approaches.
As an initial effort to provide mutation analysis for MPS I patients enzymatically diagnosed in our laboratory, an approach based on reverse transcriptional polymerase chain reaction (RT-PCR) coupled with direct cycling sequencing was developed and applied to seven patients. 13 Subsequently, PCRbased restriction enzyme assays were developed to analyze nine single nucleotide polymorphisms (SNPs) in the IDUA gene. In the present study, we summarized the mutations found from 22 unrelated MPS I patients and calculated the frequencies of nine SNP alleles among normal American Caucasian and African-American populations.
PATIENTS AND METHODS

Patients and normal controls
Twenty-two patients from different regions of the United States were referred for mutation detection. All patients were enzymatically diagnosed by the demonstration of deficient IDUA activity in leukocyte, fibroblasts, or cultured trophoblasts. 14 Whenever possible, clinical information and family data were obtained to evaluate the phenotypes and counsel for carrier detection. Peripheral blood samples or cultured fibroblasts or cultured trophoblasts from the affected individuals and peripheral blood samples from participating relatives were obtained. Peripheral blood samples from 56 North American Caucasians (33 males and 23 females) and 55 African Americans (24 males and 31 females) were collected as normal controls for SNP analysis. This study was approved by the institutional review board.
Detection of IDUA gene mutations in MPS I patients
From the collected peripheral blood cells, cultured fibroblasts, or cultured trophoblasts, total cellular RNA was extracted using the Trizol protocol (Fisher Scientific, Suwanee, GA) and genomic DNA was extracted using the Puregene DNA isolation kit (Gentra System, Minneapolis, MN). RT-PCR sequencing of cDNA fragments and PCR sequencing of genomic fragments were performed as previously described. 13 Mutations detected from sequencing were further confirmed by a repeated PCR sequencing or a restriction enzyme assay provided that the mutations altered a restriction enzyme recognition site. Identified novel missense mutations were subjected to further screening on 100 normal chromosomes to rule out a polymorphism. The designation of detected mutations followed the suggested nomenclature previously reported. 15 
Polymorphic analysis of IDUA SNP alleles in control populations
The IDUA genomic sequence has designated a 1.8 kb segment A of exons 1,2 and intron 1 at its 5' end, and a 4.5 kb segment B containing exons 3 to 14 and introns 3 to 13 at its 3' end. The two segments are separated by a large intron 2 of approximately 15 kb in length. 4 Polymorphism analyses were performed on nine IDUA intragenic SNPs. Three polymorphic alleles, A8(112C/A), A20(148G/A), and Q33H(187G/T), were located in segment A, and the other six, L118(440T/C), N181(631T/C), A314(1030G/C), A361T(1169G/A), T388 (1252G/C), and T410(1318C/G), were located in segment B. Genomic DNA samples from normal controls were subjected to PCR amplification using synthesized oligonucleotide primers flanking each SNP, then the amplicons were digested by selected restriction enzymes (Table 1 ). After completion of digestion, the reaction mixtures were loaded onto 2% to 3% agarose gel and fractionated by electrophoresis to detect the normal and polymorphic alleles. Allelic frequency for each SNP allele was determined by direct counting of the allele in the tested populations. The data were presented as percentages. For each SNP allele, the observed distribution of homozygous and heterozygous allelotypes was compared with the expectations from Hardy-Weinberg equilibrium by 2 test. The constructs and frequencies of SNP haplotypes were estimated by a Bayesian haplotype inference algorithm with the use of a Haplotyper program. 16 
RESULTS
Mutational heterogeneity in MPS I patients
Of the 22 MPS I patients, 17 were fully genotyped and 5 were identified with only one mutation. Eleven different mutations including four nonsense mutations (Q70X, W402X, R621X, and R628X), five missense mutations (R162I, G208D, D315Y, P533R, and S633L), and two small deletions (1352delG, 1952del25bp) were identified. Table 2 summarizes the defined genotypes and single mutant allele, detected SNP alleles, and recognized phenotypes among the patients. The most frequent disease-causing mutations in our patient samples were the two previously described common mutations in the Caucasian population, W402X and Q70X, 6 which accounted for approximately 39% (17/44) and 30% (13/44) of the total mutant alleles, respectively. The homozygotes and compound heterozygotes involving one and two of the common mutations were detected in 82% (18/22) of our patients. Mutations D315Y, P533R, R621X, R628X, and S633L were recurrent mutations previously reported in literature. 5, 6, 17, 18 Two novel missense mutations, R162I and G208D, were detected. Compound heterozygote R162I/R621X was found in cultured trophoblasts of an affected fetus. The G208D mutant allele was found in combination with the Q70X allele in one patient. A family study revealed the transmission of a paternal haplotype Q33H-Q70X and a maternal haplotype N181-G208D-A361T-T388 to the affected proband (Fig. 1) . The novel mutation G208D is situated at the same codon as the previously described G208 V,
Mutations and SNP alleles in IDUA gene
which has been shown to be responsible for Hurler phenotype by clinical observation and in vitro cDNA expression assay. 18 Two small deletions were detected. The 1352delG could cause a frameshift starting from codon 422 and resulted in a premature termination in codon 439. The 1952del25bp could cause a deletion of codons 622-629, a frameshift in subsequent coding, and an extended termination downstream of the normal termination codon. 4 ; F and R denote forward and reverse, and m denotes primer sequence modified as indicated by underlined nucleotides. For the 11 SNPs detected in the IDUA gene of the 22 patients studied, 7 (A8, A20, L118, N181, A314, T388, and T410) were silent mutations and four (Q33H, A361T, R105Q, and V454I) were missense mutations ( Table 2 ). The Q33H-Q70X haplotype was observed in one case with homozygote Q70X and in six cases of compound heterozygotes involving the Q70X and other mutations. Another haplotype, L118-W402X, was observed in one case with homozygote W402X and in three cases with compound heterozygotes involving the W402X and other mutations. The L118 allele was previously reported as KpnI site, 9 and its association with a major MPS I mutation was suggested by linkage disequilibrium. 19 Our data suggest that Q33H-Q70X and L118-W402X might be two representative haplotypes in Caucasian MPS I patients.
SNP frequency and haplotype inference in the IDUA gene PCR-based restriction enzyme assay was performed on nine IDUA intragenic SNPs. The alleles that differ from the published sequences were denoted as the polymorphic alleles. The allelic frequency of each SNP allele was calculated as the percentage of polymorphic allele in the given total number of polymorphic and normal alleles. The cDNA locations, detected allelotypes, and calculated allelic frequencies of the nine SNPs are summarized in Table 3 . The observed distribution of homozygous and heterozygous allelotypes was compared with the expectations from the Hardy-Weinberg equilibrium by 2 test. The results indicate that the observed allelic frequencies were in good fitness with Hardy-Weinberg equilibrium (P values ranged from 0.2-0.96 for all alleles in Caucasians and 0.44 -0.99 for alleles in African Americans). One exception was that of Q33H in African American controls (P value of 0.02). Differences in allelic frequencies for the nine SNPs between American Caucasians and African Americans were observed. The allelic frequencies from our samples were also different from those previously reported from an Australian Fig. 1 (A) Sequencing of PCR-amplified genomic fragments from a proband and relatives shows that the proband (II-2) is a compound heterozygote of mutations Q70X and G208D, the father (I-1) and sister (II-1) are carriers of mutation Q70X, and the mother (I-2) is a carrier of G208D. (B) Pedigree shows the transmission of paternal haplotype Q33H-Q70X and maternal haplotype N181-G208D-A361T-T388 to the proband. 3 ϩ and Ϫ denote polymorphic and normal allele, respectively. f(ϩ) ϭ f(ϩ/ϩ) ϩ 1/2f(Ϫ/ϩ).
population. 9 This might be explained by the inherent differences between the tested populations that were from different geographic regions. In the present study, we observed the simultaneous occurrence of a similar type of allelotype in the A8 and A20 of IDUA gene segment A and in the N181, A314, A361T, T388, and T410 of segment B. Three major allelotype patterns of A8-A20 pairwise at segment A, A1{C/C-G/G}, A2{C/A-G/A}, and A3{A/A-A/A}, were observed in 32%, 35%, and 19% of Caucasian controls, respectively, and 44%, 43%, and 9% of African-American controls, respectively. Allelotype associations in N181-A314-A361-T388-T410 at segment B showed two major patterns, B1 {T/T-G/G-G/G-G/G-C/C} and B2 {T/C-G/C-G/A-G/C-C/G}. The two patterns B1 and B2 accounted for 75% and 13% in Caucasians, respectively, and 69% and 24% in African Americans, respectively. The results suggest the existence of two common haplotype structures C-G and A-A at A8-A20 in segment A, and also two common haplotype structures T-G-G-G-C and C-C-A-C-G at N181-A314-A361-T388-T410 in segment B. Haplotypes inferred from the allelotype data were constructed by a Haplotyper program, which uses a Bayesian Monte Carlo method with the underlying statistical model similar to that of expectationmaximization algorithm. 16 The results indicate the presence of 15 haplotypes in the tested African-American samples and 17 haplotypes in the Caucasian samples. The two common haplotypes at A8-A20 pair, C-G and A-A, had frequencies of 54% and 38% in Caucasian controls, respectively, and 67% and 31% in African-Americans, respectively. The frequencies of the two common haplotypes at N181-A314-A361-T388-T410, T-G-G-G-C, and C-C-A-C-G were 84% and 6% in Caucasian controls, respectively, and 84% and 12% in African-Americans, respectively. Figure 2A shows the constructs and frequencies of 12 major haplotypes (H1 to H12). Haplotypes with frequency Ͻ1% in both tested populations were considered rare variations and not included in the figure.
DISCUSSION
The IDUA gene is divided into 14 exons spanning approximately 19 kb on human chromosome 4p16.3. 4 PCR-based DNA sequencing has been a widely used approach for mutation detection in patients with MPS I. 5, 6 Experience from our laboratory and from another laboratory has demonstrated some limitations of this approach. 6, 18 In five cases, we could not identify a second mutation. Several explanations for the detection failure have been suggested. The major concerns include the insufficient sensitivity of the detection methods, the nature of IDUA gene content, and the variations of mutations. The RT-PCR-based method could likely miss some large deletions, rearrangements, and mutations in intronic or regulatory sequences, or mutations causing unstable and reduced amount of IDUA mRNA. The high GC content of the IDUA gene makes it possible that a mutation could be missed because of GC compressions despite efforts to sequence both cDNA and genomic amplicons. The existence of multiple polymorphic alleles in the IDUA gene also introduces extra effort in distinguishing disease-causing mutations from neutral polymorphisms. 6, 9, 19, 20 The following is a compiled list of intragenic SNP loci: A8(C/A), A20(G/A), Q33H(G/T), R105Q(G/ A), G116R(G/A), L118(T/C), N181(T/C), A314(G/C), A361T(G/A), T388(G/C), T410(C/G), V454I(G/A), and R489(C/T). All of the SNPs, except Q33H, L118, and R489, occur in CpG dinucleotides and, therefore, are suggested to be hotspots for in situ methylation-deamination process. Nevertheless, our experience from mutation analysis of the 22 MPS I patients indicates that approximately 90% of mutant alleles will be detected by the PCR-based approach. Further analysis of the intronic and regulatory sequences of the IDUA gene will be required to increase the detection rate.
Several studies have described mutations in the IDUA gene. To date, a compilation of 39 nucleotide substitutions (missense/nonsense), 4 splicing mutations, 7 small deletions, 6 small insertions, and 1 small insertion/deletion in the IDUA gene are listed in the Human Gene Mutation Database. 21 The present report will add four novel mutations to the mutation spectrum of the IDUA gene. The diversity of disease-causing mutations and the distribution of multiple polymorphic alleles are two characteristics of the human IDUA gene. In our patient samples, the two common mutations W402X and Q70X accounted for about 39% and 30% of the total mutant alleles and involved about 80% of patient genotypes. This result is consistent with the previous reports that the two are the most common mutations in Caucasian populations. 6 Therefore, a rapid method of detecting an IDUA mutation profile consisting of the two common mutations and other frequent recurrent mutations could be developed for routine screening among Caucasian patients.
One important feature of the IDUA gene mutations is the variety of common mutations and the variations of relative frequency of these mutations in different ethnic populations at different geographic regions. IDUA gene mutations identified from Japanese, 7 Arab, 22 and Chinese patients 20, 23 show a different mutational spectrum from those detected in Caucasians. 6, 24 The relative frequency of common mutations and frequent recurrent mutations show obvious geographic heterogeneity. 6 -8,25-28 Table 4 lists the relative frequencies and clinical impacts of major IDUA mutations in different ethnic groups and geographic regions. The considerable mutational and geographic heterogeneity indicates that mutations in the IDUA gene might result from an independent mutagenesis process occurring in different populations at different times. Another important feature for the IDUA gene is the presence of multiple SNPs and possible major haplotype structures. Our observation on the possible linkage between Q33H and Q70X as well as L118 and W402X suggests the separate origins for the two common mutations in the Caucasian population. This result is consistent with previous reports that the two common mutations are associated with different haplotypes. 17, 24 The inferred haplotypes of A8-A20 and N181-A314-A361T-T388-T410 in our data require further confirmation from study of a larger sample population and assay of familiar haplotype segregation. It seems that the presence of two major haplotype structures C-G and A-A in segment A for A8-A20, and T-G-G-G-C and C-C-A-C-G in segment B for N181-A314-A361T-T388-T410 may require a simultaneous mutagenesis process and an allelic maintenance mechanism. This raises interesting questions about the mutagenesis mechanism and functional implications of these SNP alleles.
The ultimate goal of mutation analysis is to establish a genotype-phenotype correlation to provide a more accurate diagnosis of clinical subtypes and allow for improved prediction of disease progression. The combination of heterogeneous mutations in compound heterozygotes and the presence of multiple IDUA polymorphic alleles have made it difficult to assess the mutational effects. However, genotype-phenotype correlation observed from patients with homozygous mutant genotypes substantiated by functional assays such as enzyme kinetics or transfectional cDNA expression would be more reliable. Figure 2B shows the recognized genotype-phenotype correlation for cases with homozygous mutations and functional assays by review of literature. 12, 18, 20, 24, 25, 29, 30 A pseudodeficient allele identified in a compound heterozygote with W402X was also included. 31 A general conclusion is that the IDUA gene has four sets of sequence variations: (1) null mutations and mutations causing coding disruption in a homozygous setting are most likely related to severe phenotype, (2) missense mutations result in a wide spectrum of clinical phenotypes ranging from severe to mild and require extensive study to characterize the functional impact, (3) pseudodeficient allele is rare and little is known about its effect on enzyme activity, and (4) polymorphic alleles are present as genetic background but may have minimal or no impact on phenotypes. Different combinations of the first three sets of mutations in compound heterozygotes contribute to the spectrum of clinical heterogeneity in the MPS I patients.
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